Short leukocyte telomere length (LTL) has become a hallmark characteristic of aging and is associated with higher morbidity and mortality. Physical activity (PA) has been implicated in attenuating age-induced diseases by, for example, preserving LTL. Results from studies of the relationship between PA and LTL have been mixed, which might be because PA was assessed over a short period of time. There have been few studies in which investigators have examined the association between LTL and cardiorespiratory fitness (CRF), an enduring trait influenced by chronic habituation of PA that takes place over months or years. The purpose of the present study was to examine the association between CRF and LTL in a national sample of US adults who were 20-49 years of age from the 1999-2002 National Health and Nutrition Examination Survey (n = 1,764). LTL was assessed using quantitative polymerase chain reaction, and CRF assessed using a treadmill-based exercise test. After adjustments, compared with subjects in the lowest CRF tertile, those in the middle tertile (β = 0.03, 95% confidence interval: 0.005, 0.06; P = 0.02) and upper tertile (β = 0.05, 95% confidence interval: 0.004, 0.09; P = 0.04) had longer LTL. These findings suggest that higher CRF is associated with longer LTL. aging; fitness; morbidity; mortality Abbreviations: CI, confidence interval; CRF, cardiorespiratory fitness; LTL, leukocyte telomere length; NHANES, National Health and Nutrition Examination Survey; PA, physical activity.
Having been linked with morbidity (1) and mortality (2), short leukocyte telomere length (LTL) is an established characteristic of aging (3) . Physical activity (PA) has been implicated in attenuating age-related morbidity because, for example, it has been associated with longer LTL, but an equal number of studies have shown no association (or a nonlinear association) between PA and LTL (4, 5) .
To date, there has been only 1 study (n = 15 marathon runners) in which the association between cardiorespiratory fitness (CRF) and LTL has been examined (6) . Understanding such an association will improve our knowledge of the relationship between movement-based behaviors and LTL because PA patterns are typically assessed over a short period of time (7) , whereas CRF is considered an enduring trait influenced by chronic habituation via PA that takes place over months or years (8) . Indeed, recent research has demonstrated that CRF might be a stronger indicator of health than PA level (8) . Consequently, the purpose of the present study was to examine the epidemiologic association between CRF and LTL.
METHODS

Design and study participants
Data were extracted from the 1999-2002 National Health and Nutrition Examination Survey (NHANES) cycles, which were the only available cycles with LTL data. NHANES is an ongoing survey conducted by the National Center for Health Statistics, a major section of the Centers for Disease Control and Prevention. NHANES evaluates a representative sample of noninstitutionalized US civilians, selected using a complex, multistage probability design. Briefly, across 15 geographic regions for each cycle, participants are interviewed in their homes and subsequently examined in a mobile examination center. Survey procedures were approved by the National Center for Health Statistics ethics review board. Consent was obtained from all participants. The present analysis was based on data from 1,764 adults (20-49 years of age) who provided complete data for the study variables.
Cardiorespiratory fitness
CRF was estimated in participants who were 20-49 years of age based on heart rate responses during a treadmill-based submaximal exercise test (9) . CRF was estimated by measuring the heart rate response to known levels of treadmill-based submaximal work and subsequently extrapolating the maximum volume of oxygen consumption. The validity of the NHANES treadmill protocol has been assessed by examining the zero-order correlation between estimated maximum volume of oxygen consumption from the NHANES protocol and maximum volume of oxygen consumption measured via indirect calorimetry (r = 0.79) (10).
Leukocyte telomere length
Detailed methodology of the NHANES procedures for assessing LTL has been previously reported (11, 12) . Briefly, DNA was extracted from whole blood with the LTL assay performed using quantitative polymerase chain reaction to measure telomere length relative to standard reference DNA (T/S ratio) (11, 13, 14) . Each sample was assessed at least twice, and among samples with a T/S ratio within 7% variability, the average value was used; a third assay was run for samples with a variability greater than 7%, and in those cases, the average of the 2 closest T/S values was used.
Covariates
Based on the findings of previous studies (11, 15) , covariates included age, age squared (because of nonlinearity between age and LTL), sex, race/ethnicity, poverty-to-income ratio (16, 17) , smoking status, measured body mass index (weight in kilograms divided by height in meters squared), C-reactive protein concentration (12, 15) , engagement in moderate-to-vigorous PA in the past 30 days (11), and educational level. These covariates are shown in Table 1 .
Analysis
All statistical analyses were performed using procedures from survey data using Stata, version 12.0 (StataCorp LP, 
RESULTS
The mean age of the sample was 34.4 (standard error, 0.3) years; 51% were men and 73.0% were non-Hispanic white. The mean LTL was 1.13 (standard error, 0.01), and the mean CRF was 40.2 mL/kg/minute (standard error, 0.32). Table 1 displays the results of the weighted linear regression models. After adjustment for covariates (including age and PA level), there was a 0.01 increase in LTL for every 5-mL increase in O 2 /kg/minute (P = 0.02). Notably, PA was not associated with LTL (P = 0.77). In a weighted multivariable logistic regression analysis (data not shown), after adjustments, every 5-mL increase in O 2 /kg/minute was associated with a 9% higher odds (odds ratio = 1.09, 95% confidence interval (CI): 1.01, 1.18; P = 0.03) of having an LTL above the sample median (T/S ratio ≥1.09; n = 882). After adjustments in a multinomial logistic regression (data not shown), for every 5-mL increase in O 2 /kg/minute, participants had a 10% lower odds (odds ratio = 0.90, 95% CI: 0.81, 1.00; P = 0.05) of being in the lowest (vs. highest) LTL tertile. CRF was not associated with being in the middle (vs. highest) LTL tertile (odds ratio = 0.92, 95% CI: 0.82, 1.03; P = 0.14).
Given the possible inverted U-shaped relationship between PA level and LTL (4, 5), a multivariate regression analysis was computed to examine the association of CRF tertiles (mean CRF values were 30.7, 39.1, and 50.9 mL O 2 /kg/minute) on LTL (outcome variable). After adjustments, compared with participants in the lowest CRF tertile, those in the middle tertile (β = 0.03, 95% CI: 0.005, 0.06; P = 0.02) and upper tertile (β = 0.05, 95% CI: 0.004, 0.09; P = 0.04) had longer LTLs (data not shown).
Lastly, various multiplicative interaction models were computed by creating a cross-product term along with the main effect term in a multivariable linear regression. There was no evidence of multiplicative interaction of CRF with body mass index (P = 0.25), age (P = 0.57), sex (P = 0.67), or race/ ethnicity (P = 0.27).
DISCUSSION
Shortening of the DNA component of telomeres might induce genomic instability, senescence, and apoptosis and as a result possibly facilitate cardiovascular disease risk (1) . Aging facilitates the shortening of LTL (3), so the identification of modifiable strategies to attenuate such an age-induced effect is of utmost importance. Unlike in a recent study among 15 marathoners and 15 age-and sex-matched controls in which no association between CRF and LTL was found (6), the present analyses suggest that, even among relatively young to middle-aged adults (20-49 years), greater CRF was associated with longer LTL. Such a potential association early in life is of importance because human telomere length changes slowly over time (3) .
The potential mechanisms to explain a relationship between CRF/PA and LTL have not been not fully established. In rodent models, several exercise-specific signaling mechanisms (e.g., telomerase reverse transcriptase, insulin-like growth factor 1, endothelial nitric oxide synthase, and protein kinase B) have been associated with altered telomere biology (4, 5) and thus might play an important role in preserving telomere phenotype (5, 18, 19) . Notably, there is evidence to suggest that the relationship between PA and LTL might not be linear, with some evidence suggesting that extreme levels of PA might induce LTL shortening, possibly via muscle damaging and satellite cell proliferation (4, 5) . However, such an inverted Ushaped relationship between CRF and LTL was not observed in the present national sample. Despite the fact that PA was controlled for in the analytic models (albeit as a relatively crude measure; objective measures of PA were not available in the 1999-2002 NHANES cycles), CRF is influenced by other factors besides PA (e.g., genetics and subclinical disease); therefore, it is difficult to disentangle any potential muscle damage/satellite cell proliferation that might accompany high CRF.
In conclusion, in the present national sample, greater levels of CRF were associated with longer LTL. This association remained even when CRF and LTL were expressed in different ways (e.g., continuous, binary, multicategory). Given that it is not entirely certain whether LTL is a cause or consequence of morbidity (e.g., cardiovascular disease), future longitudinal mediational models to examine whether LTL mediates the relationship between CRF/PA and morbidity are warranted.
